We present experimental evidence that Si02 breakdown is best described by the E-model of Baglee and McPherson as opposed to the 1/E model of Lee, Chen and Hu. The experiment was performed on 1765 fully processed capacitors over a range of electric fields of 7.25 MVIcm to 11 MV/cm and temperatures of 25C to 200C. In addition, we also present a curious data point at low electric fields that we ascribe to a change in breakdown mechanism.
Introduction
I" going to begin now and talk about evidence for a correct Si02 voltage acceleration model. This is some work that was done in close collaboration between Sandia Labs and National Semiconductor. You'll see the contributions that National made very shortly. Let me begin by suggesting why one might want to have a voltage acceleration model. If you ever hope to make an extrapolation of data taken at wafer level (large electric field) to the lower electric fields that are more typical at use conditions, you're going to have to have a correct physical model of oxide breakdown.
Why do we need an SiO, Voltage
Acceleration Model?
For extrapolations of breakdown data from one electric
To provide insight into the physical mechanism of
To estimate the time needed to complete a breakdown fieid stress to another breakdown test I'm not claiming that you can presently make such an extrapolation; I" not claiming that you will ever be able to, but as a prerequisite for it, you do need to have the correct physical model. Also, if you do have the correct model it may be able to provide you some insight into the physical mechanism of breakdown. This can help you understand your oxides better. Finally, and this is a more practical thing, if you do have such a model of oxide breakdown it will help you to optimize wafer-level testing by helping you to predict when your test structures will break down under test.
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Now, the first topic that I am going to cover in this talk concerns the models that are currently used to describe oxide breakdown. I" then going to go on and describe the oxide parameters of the samples that we have looked at. Next, I'll deal with the test structure design. I'll describe the design of the experiment. Then I'll describe the test system itself and what we define as breakdown. The definition of breakdown is very very important so that you can interpret the results. Finally, I'll talk about the results of the experiment itself and then give you some of our conclusions.
Models of Oxide Breakdown
Those of you who were at the tutorial have already seen the following slide that lists the models that are used to describe oxide breakdown. There are several models. However, there are two major competing models that exist today and that no one can seem to chose between.
The first is the E-model, also known as the McPherson-Baglee model that was based mainly on thermodynamic arguments l. It predicts a number of things. First, it predicts that the activation energy of the oxide breakdown varies with electric field. It also predicts that the electric field acceleration factor varies with temperature. If you make extrapolation with this models it tends to be more conservative than the 1/E model. was designed by one of the co-authors, Cleston Messick. As those of you who came to the tutorial will probably see, the FLGOI structures obeys most of the oxide test structure design "rules" that I talked about there. Cleston didn't design the structure based on these rules, but he did it based on his own sound engineering judgment. It resulted in a very nice test structure. We had absolutely no problems with this structure during test. The oxides failed cleanly. We did not have any extraneous failures. In many ways it was an ideal structure for the experiment which I'm about to describe. Another important feature of this study, was that all of the samples that I will talk about today were taken from a single wafer. We processed a wafer lot with nothing but these test structures on it. We were able to get several thousand test structures out of one wafer that we were then able to use for what follows. This is very important from the standpoint of wafer-to-wafer variation. There was none, because there was a single wafer. In fact there was very little die-to-die variation when we did some initial wafer-level testing on this single wafer. In all ways we believe this to be a uniform set of samples. The area was slightly in excess of cm2, so that we were dealing with a fairly good size test structure. These are 225A oxides with p-type doping in the underlying silicon. These structures were fully processed, so that there was no question about the results coming from only a short-loop process. We were therefore studying what an oxide would look like after the full process was complete. The gate is a polycide. All contacts were to the top side of the structure. This removes the potential problems with backside contacts.
escription of The Experiment
Let me now talk a bit about the experiment design and exactly what it is we wanted to accomplish. What I've drawn on the graph below are the two models. These are not based on any data, rather it just shows the functional dependence of the two models. One of the interesting things that comes out of this is that the two models look very similar in the regime that you would look at in wafer-level testing. Say, between 8 and 11 MVIcm. You can't easily distinguish between the two models in this regime. You notice that they are very close together. As you drop in electric field, however, the two models tend to diverge. As they diverge, you'll notice that by the time that you get down to typical operating conditions you have predicted times to breakdown, given by the two models, that are quite a bit different. They can be many orders of magnitude different. That just again points out the fact that what you would really like to know which model is correct. Now then, there are two ways that you can go about dealing with determining which model is correct. In fact, you'll be MILLER, et al hearing a paper here in a little while from John Suehle that put on all of them in parallel. The total current drawn by the describes the other way of doing it. One way to determine capacitors was then monitored, so that if which model is correct is to push your experiment down to Our Equipment Was Specifically Designed to Run This Experiment very low electric fields. Unfortunately, you cannot afford to wait long enough for the breakdowns to occur. John got around that problem by going to higher temperatures. We decided to do a somewhat different type of experiment. That was, that at the modest fields that we could easily do in about a nine month time period (which was the longest that any of our experiments ran), we used a sample size that was relatively large. By doing that we were able to drive the standard deviation (in fact, the 95% confidence limits) small enough that we believe that we could tell the difference between the Emodel and the 1/E model.
. I'll now discuss our experimental conditions for this work. We studied oxide breakdown at electric fields between 7.25 MVIcm and 11 MVIcm. We have another data point which I
will also present at 6.5 MVIcm , or should I say the of a data point at 6.5 MVIcm. You'll see that is just a little bit. The temperatures that we stressed the test structures at ranged from room temperature (25C) up to 200C. In order to get the amount of data that we needed at low electric fields the majority of the data that we took was at 200C. The sample size varied between 108 and 120 parts. The sample size was chosen based on the requirement that we be able to distinguish between the E-model and the 1/E model under the electric field acceleration conditions that we were using. The total sample size for this experiment was 1765 parts. The breakdown time resolution on my equipment was 10psec. So that allowed us to measure the time-to-breakdown of the very early failures.
Test Procedure
Our equipment was specifically designed to run this experiment. We built the apparatus at Sandia specifically to answer E versus 1 E question. The system capacity was almost 3500 capacitors. The temperature was controlled with a uniformity of less than 5OC within the temperature control chamber shown in the figure below. We provided a backup power source, because any experiment that runs for nine months is bound to suffer some power glitches if you are not careful.
We did not have the computers go down catastrophically in that time (they had backup power).
The test procedure is given on the slide below. To begin with, each capacitor was tested individually, at voltage, for 300 seconds. Our reasoning was that if we had a lot of early failures and had put all of the capacitors on in parallel initially, we would get so many failures that would overlap that the system would not be able to pick those failures up. So, we started this experiment out by testing each individual capacitor for 300 seconds at voltage while we were monitoring the current so that we could determine whether or not the capacitor broke down. At that point, once the parts had passed through this test, that we called a short-term test, we then hooked them all in parallel. The electric field stress was then at any time any one part failed, it could be detected by the test unit. It would then tell us that there had been a failure. If there was an increase in current drawn during this time, it triggered the failure routine within the computer running the experiment. The moment that the trigger pulse was received the computer recorded the time and removed the bias from the parts. It turns out that with this kind of a setup, working in parallel, we were able to achieve about a lopsec resolution for breakdown. This gets us around some of the problems that had been seen earlier in trying to scan through a large number of capacitors on test and find breakdowns that way. After the trigger time was recorded, the computer went into a routine which went through and tested each capacitor at low voltage.
Low voltage being 5V in this particular case. This is far below the voltage that corresponded to the lowest electric field that we applied during the experiment. We determined that this voltage was insignificant in terms of total stress that was accumulated during the experiment. When the failed capacitor was found, it was noted in the computer and the time tag that was associated with the failure was added to the file that was associated with that capacitor. The capacitor was then electrically removed from the system. The test then automatically started back up again and continued. In all of these cases, we tested all samples in the group until 100% of them failed, with the exception of the samples tested at 25C and 8MVkm. We did not test to 10% failures and then extrapolate to 50% (median) breakdown.
Data Analysis Procedure
Now, for a short description of how we collected, sorted, analyzed and plotted our data. You will see an example shortly. Occasionally, although it did not always happen, we would find bimodal distributions. In order to understand what was going on with the "intrinsic" portions of the curves, what we wanted to do was separate out the effect of the extrinsic (or defect) population (which was relatively small) from that. We separated that out using a technique that is described by Stu Peck in the Accelerated Testing Handbook of Technology Associates. The result of all of this is two best-fit lines. One
Discussion of the Data
for the defect population and the other for the main ("intrinsic") population. We were only interested in the line for the main population, primarily because we had 
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This has many more defects that we typically saw. This shows a bimodal distribution and how we deconvolved it. The data points are shown as black squares. Using the technique that you find in the Accelerated Testing Handbook, we found both a main distribution and a defect distribution curve. There is a program that I have written using the software known as
Mathcad that does this for me. All you need to do is pick a defect fraction and it will split these two curves apart for you. What we can then do is take the two curves and see how well it fits the data. We reconvolved the two curves to create a composite distribution. As you can see here it very accurately fits the data. We have a great deal of confidence, then, that the main and defect distributions that we have extracted from the data, are in fact the correct ones. As you can see towards the bottom of the plot, we did occasionally have some initial failures. From this point on we will be working with the main distribution, and in fact the median time to failure of that main distribution. should vary with temperature. That is what both models say. We, in fact, saw something that looks strikingly like that. These are all best-fit lines. Of course the best-fit through two points (on the upper data at 25C) is a straight line. You can't exactly get much better than that, can you. As you see, as you "walk up" in temperature, as temperature increases from 25C to 68C to 125C to 2OOC, the slopes of these line decrease. This is something that is predicted by both the E and the 1/E models. This is then no big surprise. Again, I have plotted median time to breakdown in seconds on the logarithmic yaxis and electric field on the x-axis. So, based on this result, there is nothing too surprising. Both models seem to make sense.
In the plot of activation energy we can also see something else. Both the E and the 1/E model predict that the activation energy should vary with electric field. And in fact, surprisingly and strikingly enough, we saw exactly that. Now, there is something that I would like to point out here. I" plotting median time to breakdown (in seconds) on a logarithmic scale on the y-axis. I ' m also plotting one over temperature (1") on the x-axis. This is a standard Arrhenius plot. There is an important point to be noted here. That is, that at relatively high electric fields, in this case 11MV/cm, you are getting activation energies on the order of 0.27eV, or 0.3eV, or something on that order. If you look in the literature, this is what most people give as the activation energy of oxides. The interesting thing is, that as you drop down to lower and lower electric fields the activation energy tends to increase. The slope is increasing. So at 9MVIcm we are dealing with 0.51eV and then finally when we get down to 8MVIcm we have 0.94eV. Both models predict that there is going to be a change. In other words, the activation energy is predicted to increase as the electric field gets lower. The point that I am bringing out here is that again, we have no distinction between the two models. It is very important to notice this particular effect. And now we get to what I consider to be the most important data. That is, the one plot that may be able to distinguish between the two models. What I have done below is plot the median time to breakdown in seconds on the logarithmic yaxis, versus the electric field in MVIcm on the x-axis.
Activation Energy Varies with
E versus 1/E Experiment
Comparison of E-model to 1/E Model 10,000.000 The upwardly curving line is the black line marked as 1/E curve in the preceding figure that is predicted from the 1/E model. It was based on the particular data set that we have. What we have done is chose enough samples, such that the 95% confidence limits for median time to breakdown are enclosed within approximately one of the diamonds representing each data point. There are no error bars shown as I could not put on error bars using the graphing package that I have. But the size of one of these data points is approximately equal to the 95% confidence limit. What you see, at least down to the 8MVIcm data point is something that is fitted very cleanly by the E-model. It is in no way described by the 1/E model, although the two models are both very close to the data points. We are trying to do something that is very difficult here. That is, distinguish between the two models. Really one would like more evidence at lower electric fields. When we went to try and get that evidence, however, something odd happened. At 7.25 MVIcm we got the point shown, which caused us to be somewhat concerned. We are not certain about whether the data point is associated with a change in breakdown mechanism or if something else is happening. Clearly, we believed our data point, but we were very concerned about it. The next thing that we did was to take a data point at 6.5 MVIcm. If, as we had suspected, we were seeing a change in mechanism, we would have expected a median time to failure in a reasonable number of seconds. The unfortunate thing was that as of last Thursday (just before the workshop), the parts had accumulated a little over 3x106 seconds. Out of the 100 parts that we had on test not one of them had failed! We are not exactly sure what is happening out there at 6.5 MVIcm. That data point tends to call into question what we observed at 7.25 MVIcm. Clearly, if the 1/E model was correct, we should never see the failures at 6.5 MVIcm. Quite frankly, I doubt we ever will see failures if the E-model is correct either.
To me the most convincing part of the entire analysis can be seen by picking up your workshop notebooks. Hold them up sideways and look down the breakdown curve. It will give you a much better view of what I mean by data points that we have at relatively high electric fields following more closely to an E-model than a 1 E model. I do not necessarily consider this the "last word" in figuring out whether the E or the 1 E model is correct. It certainly is another piece of data that indicates that you just can't automatically throw away the E model as a possibility.
In addition, we also went into the literature and replotted some data by Shiono and Manabu3 that was presented at this last years ( very clearly is described by the 1/E model. In fact when the data is replotted, it causes one to wonder whether or not either model might not fit well. Although, if you look at the data, then except for one data point, which may be significant, (they had a small sample size so the error bars are much larger than in our case) the data appears to follow the E-model. If you include that one data point then it looks more like a "wash". This is yet another piece of evidence that you can't throw away the E-model just yet and go with the 1/E model, no matter how physically beautiful it may in fact seem.
Conclusions
So then, I believe that I have presented some data from both our experiment and a little bit from the literature that does not rule out the E-model. In fact, it somewhat supports the use of the E-model. I would say, almost hasn't been done. Then again, you are going to be hearing a paper from John Suehle in a little bit, dealing with these exact same samples in which he was able to make measurements down to much lower electric fields, albeit at higher temperatures. As you can see from the data that I have presented, temperature variation of the electric field acceleration factor, namely the fact that it does vary, is consistent with both the E and 1IE models. So far, so good.
The electric field variation of the thermal activation energy also is consistent with both the E and the 1E models. However, the median breakdown times of our data are best described by the E-model . Also, the data from the literature shows that that is not an unreasonable conclusion. Now, I'm going to give you a couple of cautions here. The one thing that I have learned about oxides is that every time that you think that you have them "pinned down", you'll get another data point that shows that you don't really understand their behavior. The "correct" model may in fact be technology dependent. There is no evidence to show that this cannot be the case. From a physics standpoint, it doesn't make me feel very good that technology may have some say in all of this. The best strategy may be to accept neither model for right now. Check your own oxides out, this is very important.
Our data below 7 MVkm might indicate a change in mechanism. Then again, something else may be going on. If nothing else, that data also suggests caution. Do not just blindly take data at very high electric field and try to extrapolate them to much lower electric fields. In fact, it is probably wise to take data at electric fields as low as you can conveniently go, before you try to do anything else with it. Data below 7 MVkm does seem to be critical in determining the proper electric field acceleration model unless you can afford to use extremely large sample sizes to pin things down. Unfortunately, when you do use those large sample sizes below 7 MVkm it will require continuous testing over a very long period of time.
My final conclusion is that we have presented some evidence to show that the E-model may in fact work. As I have said, I do not believe that the definitive experiment has been done yet. You'll get a little better flavor for the evidence we have here after a couple more papers. Thank you.
Questions and Answers
Warren Gladden (AMD): Based on the data that you have would you recommend that the activation energy that we chose for gate oxide failures be changed from 0.3 eV?
Bill Miller: I would recommend that you test your oxides to make certain of what you have. The real problem is that activation energy measurements are made at the wafer level and consequently at very high electric fields. You get 0.3 eV and everyone feels good about it. The problem with that is that as you go to lower electric fields, that activation energy, at least in my experience, increases. That has a major effect on how you interpret your data. If that holds true for other oxides also, the implication is that as you go to more modest electric fields (getting closer and closer to typical use conditions) thermal acceleration factors become more and more important. That is not something that you would ordinarily think of. Most people believe that thermal acceleration is only a small effect compared with voltage acceleration. But in fact, at more modest electric fields these data indicate that that is not true.
Warren Gladden (AMD):
The other question that I had was that looking at the data that you showed, have you tried to compare it to what Boyko and Gerlach4 presented at IRPS a couple of years ago? They actually showed that the electric field dependence bent over at lower electric fields.
Bill Miller: Originally, when I saw that data point at 7.25 W / c m I thought that I was seeing an effect similar to what they had been seeing. Right now I can't draw a final conclusion as to what is going on at that data point. Boyko's data was taken, I believe at 125C. We were at 200C. We thought that he was seeing an effect of a change in mechanism between 5 and 6 MVlcm and that perhaps at higher temperatures that "kink occurs at higher electric fields. I" not so sure now that that is the case.
Peter Kowalczyk (Delco Electronics): I was noticing here that you were at some high electric fields. Then you went down in electric field. You were saying that the parts were tested at 5V. Did all of the parts fail? If they had failed at the high electric field, did you now say that they had failed?
Bill Miller: Yes, absolutely. What would happen is that we would test until we got an increase in current. We would always, in fact, be able to find which part had failed. These parts had this nice characteristic, partly because of the good test structure design. When they failed, they failed as dead shorts. We could immediately pick them up. So we had no problem picking them up.
Ken Boyko (AT&T): I want to get a clarifilcation on your test procedure. You said that you tested the capacitors individually for 300 seconds.
